683rd WE-Heraeus-Seminar:

Physics and Applications of Superconducting
Nanowire Single Photon Detectors

UL PLLPLP L L L L L
Superconducting Nanowire
Single Photon Detectors

N7 | for Deep Space Optical

"A»////V | Communications

Matt Shaw!, Emma Wollman', Jason Allmaras’,
Andrew Beyer', Ryan Briggs', Francesco Marsili',
Angel Velasco', Boris Korzh', Meera Srinivasan’,
Ryan Rogalin', Thomas Lehner?, Lauren McNally’,
Abi Biswas', and William Farr?

v,

BUBOEGD

N
/////IIl Il\

///Il l Il \\\\\\\\

Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, CA, USA
2 Dotfast Consulting, Kufstein, Austria

=3
=D
=3
)
)
-J :
1) X
)
v
_) =
=) ;1
-
= Z
= W7
>y
=)
)
)
Y

Jet Propulsion Laboratory
California Institute of Technology

© 2018 California Institute of Technology. Government
sponsorship acknowledged.



683rd WE-Heraeus-Seminar: Physics and Applications of Superconducting Nanowire Single Photon Detectors

Why deep space optical communication?

DSN antenna at
Goldstone, CA
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Performance using 4W average laser
power w/ 22 cm flight transceiver to 5m
ground telescope

- Currently: Radio frequencies up to 40 GHz through the Deep Space Network (DSN)
- Future “optical DSN” promises 10-100x more data than Ka-band RF links for equivalent

mass and power on the spacecraft

- Will require larger (~ 10m) telescopes than current and past technology demonstration

missions
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Lunar Laser Communication Demo (2013)

~ LUNAR LASER COMMUNICATIONS DEMONSTRATION =

NASAEs first step in developing high performance laser communication systems

» Bidirectional laser communication demo from lunar orbit (400,000 km) at 1550 nm

» First demonstration of laser communication beyond earth orbit

* Uplink rates 10-20 Mbps, Downlink rates 39-622 Mbps

« Transmit Payload on LADEE Spacecraft (ARC) implemented by MIT-LL

* Managed by GSFC, Primary ground terminal implemented by MIT-LL using NbN
SNSPD arrays

» Secondary ground terminal implemented by JPL using a WSi SNSPD array

Nov 13, 2018 © 2018 California Institute of Technology. Government sponsorship acknowledged. 3 jipl.nasa.gov
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Deep space optical communication (DSOC)

project

- DSOC is a technology
demonstration mission
planned to launch on
board NASA's Psyche
mission in 2022

* Psyche’s trajectory
takes it past Mars to the
asteroid belt, where it
will study the metal
asteroid 16 Psyche

* The maximum Earth-
spacecraft distance will
be 2.77 AU
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. 7 _\/ For Planning and Discussion
Deep Space Optical Communic tions BuosE ol

(DSOC) | ;

OBJECTIVES: Demonstrating optical communications
from deep space (0.1 — 2.7 AU) at rates up to 267 Mbps to

validate: e

« Link acquisition laser pointing control downlink

* High photon efficiency signaling
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Platform

Assembly
22.cm mirror

‘ 4 W laser power
Ground Laser Transmitter

Table Mtn, CA
1 m OCTL telescope-
5 kW laser power

Ground Laser Receiver
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o Lud
et 2
»§
o

¥ %

m,@gqﬂ Galifornia Institute of Technology. Government sponsorship acknowledged. 5. jp|. nasa.gov
P -f-’)‘




683rd WE-Heraeus-Seminar: Physics and Applications of Superconducting Nanowire Single Photon Detectors

Deep space challenges

, r_'\‘;E".:lrth: &

Earth as seen from the moon
during the Apollo 11 mission

k distance from LLCD (90 x to > 900x)
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Deep space challenges

 / \Earth

Maximum spot size
(spacecraft /| Earth distance

« DSOC key challenge - huge increase in link distance from LLCD (90 x to > 900x)

- Increase transmitter laser power (4 W vs. LLCD 0.5 W)
- Decrease beam divergence (8 prad vs. LLCD 16 prad): introduces pointing challenge

- Increase flight and ground detector sensitivity

-
s
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Increasing receiver sensitivity: High photon
efficiency signaling

Pulse-position modulation (PPM)

Ts guard slots guard slots
- High peak-to-average power ratio (160:1) —— ——
- Pulse-position-modulation (PPM) with llI‘Illl!IIIIIII L1 llIIlEI!IIllIII il
variable orders (M = 16, 32, 64, 128; M-PPM symbol M-PPM symbol
18 =0.5,1,2,4,8 ns) Decoder corrects more
- Near-channel-capacity forward error Fading causes burst errors spread across

. . outages codewords by interleaver
correction: serially concatenated

convolutionally coded PPM (SC-PPM) with
variable code rates (1/3, 2, 2/3)

- Interleaving for fading mitigation:
convolutional channel interleaver

- Distributes deep fades across codewords
to allow decoder to work (~3 dB recovered)

- Designed with 2.7 sec depth for all data
rates (based on pointing jitter estimates)

- Lower data rates for far ranges with
variable symbol repeat factors and slot-
widths (0.5 - 8 ns) — enable multitude of
rates

Nov 13, 2018 © 2018 California Institute of Technology. Government sponsorship acknowledged. 8 jpl .nasa.gov



683rd WE-Heraeus-Seminar: Physics and Applications of Superconducting Nanowire Single Photon Detectors

Increasing receiver sensitivity: collection area
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Accommodation at Palomar Observatory

» Cryogenic detector instrument planned for Coude focus of Hale telescope

» Does not require cryostat to move with the telescope

Nov 13, 2018 © 2018 California Institute of Technology. Government sponsorship acknowledged. 10 j P l.nasa. gov
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Ground receiver array design

ﬂ

64-element WSi SNSPD array with >79,000 um? area (equiv. to 318.5 um diameter)
Divided into four spatial quadrants for fast beam centroiding

160 nm WSi nanowires on 1200 nm pitch; each wire ~1 mm in length (~7000 squares)
Free-space coupling to 1 Kelvin cryostat, with cryogenic filters and lens

78% system detection efficiency at 1550 nm

< 80 ps FWHM timing jitter Typical fiber-
i coupled single-pixel
~1.2 Geps maximum count rate active area

W

il Jl__

i ' — 1 ———l——| LEI 30KV X1900 _ 10gm WD 11.0mm
CAD Design of SNSPD focal CAD Design showing one of Electron Microscope Image of Nanowire
plane array 16 individual sensor elements Structure

per quadrant

Nov 13, 2018 © 2018 California Institute of Technology. Government sponsorship acknowledged. 11 j P l.nasa. gov



683rd WE-Heraeus-Seminar: Physics and Applications of Superconducting Nanowire Single Photon Detectors

Ground receiver readout electronics

i Cryoamp i i i i i i Computer i
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! : LNA Programmable

i SNSPD (1K) Bias (300 K) ! i Comparator
Cryostat Analog
Pulses

« Each nanowire sensor element has its own dedicated readout
channel

«  DC-coupled cryogenic amplifiers at 40 K stage of cryostat
»  Custom 64-channel TDC from Dotfast Consulting

« Time tags are streamed over PCle at rates up to 900
MTags/s

*  TDC has 64-channel comparator front-end
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- Time tags from all channels are sorted before streaming

%%Q&QQ&Q@QQOQQQQQ

b

Nov 13, 2018 © 2018 California Institute of Technology. Government sponsorship acknowledged. 12 jipl.nasa.gov



683rd WE-Heraeus-Seminar: Physics and Applications of Superconducting Nanowire Single Photon Detectors

System detection efficiency

78% System Detection Efficiency in TE Polarization, 68% in TM. (+/- 5% uncertainty)

+ Defined as percent of photons incident on the cryostat window that are registered by the
TDC.

Measured at low flux (~100 kcps) with lens outside the cryostat (f/4 beam)

Measured with ~230 uym diameter spot in center of array

Prototype array has 62 out of 64 pixels working — screening arrays to find 64 perfect wires

80 -
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Efficiency as a function of spot size

« Used nanowire layout to estimate efficiency dependence on spot size for TE polarized
light

* Optimal spot size is between 90 — 250 um

« Small spot sizes sample bends and horizontal nanowire regions

« Large spot sizes are vignetted by the edges of the detector

« Such models can be used to perform real-time estimates of spot size with non-
imaging array
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Angular efficiency dependence
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» On-chip cavity structure limits angular acceptance of detector beyond ~20 degrees
* Measured by displacing narrow collimated beam across a cryogenic lens
« Experiments show excellent agreement with RCWA simulations
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Angular efficiency dependence

detector

Numerical Aperture
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« Limited angular acceptance determines finite numerical aperture of SNSPD
* 10% drop in efficiency at 0.32 NA, >20% drop at 0.42 NA

» Tradeoff in cavity design between collimated beam efficiency and angular acceptance
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]
Maximum count rate

Q1 Maximum Count Rate Curve
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Maximum count rate measured for

Interarrival time histogram showing 28 ns
one 16-channel quadrant

dead time, no afterpulsing

MCR measured with beam centered on a single quadrant due to count rate limitations
in TDC

120 — 300 Mcps 3dB point per quadrant
« Scales to 465 — 1160 Mcps across 62 pixels
* Present total counting rate is limited to 900 Mcps by time tagging electronics
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MCR as a function of signaling format
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« Because each pixel can only count as fast as the signaling rep rate, MCR scales
differently for different PPM data formats

« Data is for PPM-encoded communication links, scaled for expected efficiency in DSOC
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Timing jitter of SNSPD and TDC
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y ] ] g pixel, histogram of TDC time tags

« Total system jitter < 120 ps FWHM at low flux rates.
« TDC jitter alone < 80 ps (approx. half of total jitter)
 Jitter expected to improve with next iteration of electronics design
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Walk-induced jitter
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Walk-induced jitter

1-o jitter (ps)
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Estimated timing jitter as a function of count rate for 133 Mbps data rate
different signaling formats

We can model the distribution of bias currents during photon absorption events for
different signaling formats and predict the resulting jitter.

Even at the highest rates, the system jitter meets our 125 ps requirement.

For future SNSPD receivers, a constant fraction discriminator should be used to
eliminate walk.
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Intrinsic Limits of Timing Jitter
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FWHM in a WSi device similar to the DSOC array

I

lllustration of differential version of DSOC-sized array

Using a low-noise cryogenic amplifier and differential readout, demonstrated jitter < 30 ps

» Photon energy dependence shows significant effect of intrinisic jitter in WSi nanowires
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Dark count rate
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« Dark count rate is dominated by IR blackbody radiation from 300K (DCR w/ 4K
window blocked is ~ 1 cps across array)

- Reflective filters on BK7 substrates at 40K and 4K are used to block 300K radiation
«  ~1000 cps false count rate across array with lens outside cryostat (16 cps per pixel)
«  Expect ~10 kcps across array with increased FOV of cryogenic lens
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Dark count rate
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« Dark count rate is dominated by IR blackbody radiation from 300K (DCR w/ 4K
window blocked is ~ 1 cps across array)

- Reflective filters on BK7 substrates at 40K and 4K are used to block 300K radiation
«  ~1000 cps false count rate across array with lens outside cryostat (16 cps per pixel)
«  Expect ~10 kcps across array with increased FOV of cryogenic lens
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]
E n d -to _e n d testl n 14 Mbps, M= 128, Ts = 2 ns, R = 2/3, Kb = 0.0087
design case, nominal atmosphere, pointing-induced fades
‘
1

100 '—ideal Poisson channel simulation :
+ To test the performance of the ground -~ ecomesponer
receiver system, we can send data with
a fiber-coupled modulated laser into B
the free-space optics. g
” 3.3dB
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« Error rate as spot is moved off of array
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Signal counts and detection flag from the
receiver as beam is swept across array
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Current status

 Designing cryostat for Palomar Coude room

« Optimizing initial optics and electronics designs now that array
is fully characterized

« Screening dies to identify best device and back-ups

* Improving end-to-end testing to make conditions as faithful to
those in DSOC as possible

Acquisition channel
8- Filter Assembly

flip mirror

Comm channel Field Stop

1
Test laser Field Stop (R DT

Stimulus ﬂ—j |
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Summary and Future Directions

» Deep space laser communication offers 10-100x higher data rates than Ka-band
radio for equivalent mass and power on the spacecraft

 NASA DSOC project will provide the first demonstration of laser communication from
beyond lunar orbit, with free-space links up to ~400 million km

« 64-pixel SNSPD arrays are a key technology for the ground receiver at Palomar
observatory

« Future optical Deep Space Network will require ~10x larger and faster SNSPD arrays
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Packaged SNSPD Array DSOC Project Concept
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JPL SNSPD development team
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Ground receiver readout electronics

Cryostat Computer
[T Voo T 7
i Cryoamp 1| | Lo i i i
; (40K) | | » n i
= I TA B i
: . HE r— TDC oy FPGA 1
i vl D B i
i i i LNA i i Programmable ! i i
i SNSPD (1K) { | (300K) { { Comparator o :
I (R I S

Analog Time v
Pulses Tags Decoded data

Each nanowire sensor element has its own dedicated readout channel

DC-coupled cryogenic amplifiers used at 40 K stage of cryostat

Custom 64-channel TDC from Dotfast Consulting
« Time tags are streamed over PCle at rates up to 900 MTags/s
*  TDC has 64-channel comparator front-end

« Time tags across all channels are sorted before streaming
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Efficiency vs. channel
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